The structure and chemistry of the interface between a Si͑111͒ substrate and an AlN͑0001͒ thin film grown by metalorganic vapor phase epitaxy have been investigated at a subnanometer scale using high-angle annular dark field imaging and electron energy-loss spectroscopy. ͗1120͘ AlN ʈ ͗110͘ Si and ͗0001͘ AlN ʈ ͗111͘ Si epitaxial relations were observed and an Al-face polarity of the AlN thin film was determined. Despite the use of Al deposition on the Si surface prior to the growth, an amorphous interlayer of composition SiN x was identified at the interface. Mechanisms leading to its formation are discussed.
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The growth of GaN based nanostructures on Si has become a very active field of research particularly for the development of light emitting diodes. The choice of Si is motivated by the large-area size of the wafers available for this material, its high crystal quality, electric and thermal conductivities, and its low cost. The direct growth of GaN on Si͑111͒ is, however, greatly hindered by a large mismatch in lattice parameters ͑17%͒ and thermal expansion coefficients usually resulting in a poor crystal quality of the GaN film. The growth of an intermediate AlN buffer layer appears as an interesting solution to circumvent this difficulty and achieve high-quality GaN layers on Si wafers. Reports on the low temperature growth by molecular beam epitaxy 1 and metalorganic vapor phase epitaxy ͑MOVPE͒ 2 of AlN on Si͑111͒ reveal the presence of an atomically sharp interface where a periodic array of misfit dislocations accommodates the large lattice mismatch existing between AlN͑0001͒ and Si͑111͒ surfaces. However, most of the structural investigations performed on materials grown at high temperature ͑Ͼ1010°C͒ by MOVPE report the presence of an interlayer at the AlN/Si interface, generally assigned to amorphous SiN x . [3] [4] [5] [6] [7] Al predeposition on the Si surface prior to the growth of the AlN thin film has been shown to prevent the formation of SiN x , at least at the early stage of growth, 8 and is now widely utilized for this purpose. Interestingly, a number of studies in which this procedure has been carried out still report the presence of an amorphous interlayer. Its origin has been attributed either to an interdiffusion between the Si substrate and the AlN thin film during the growth 4, 9 or to a stress relaxation mechanism. 7 As this interface largely determines the structural quality of the AlN buffer and therefore of the subsequently deposited GaN based nanostructures, it is of crucial importance to investigate the structure and chemistry of this interlayer at a subnanometer scale and to unravel the mechanisms leading to its formation.
In this letter, based on aberration corrected scanning transmission electron microscopy, we report a high resolution study of the structure and chemistry of the Si͑111͒/ AlN interface grown at high temperature by MOVPE. Experimental results suggest that, despite the predeposition of Al, a strong reaction between N and Si occurring at the beginning of the growth leads to the formation of the amorphous SiN x layer at the interface.
All the samples were grown on 2 in. Si ͑111͒ substrates by MOVPE in a 6 ϫ 2 in.
2 Aixtron close-coupled showerhead reactor. Trimethylaluminium ͑TMA͒ was used as a group-III precursor, while ammonia was used as the nitrogen source. The as-supplied Si ͑111͒ substrate was first annealed in the reactor at 1100°C under hydrogen ambient to remove the native oxide layer. The temperature was then decreased to 1040°C for a 2 s TMA predose, followed by the growth of an initial AlN layer at the same temperature for 30 s. After the initiation layer, the growth temperature was raised to 1100°C for the growth of the main AlN epilayer at growth rates of up to 0.3 m / h and V/III ratio of ϳ2400. The reactor pressure for AlN growth was 50 Torr and the total thickness of the AlN layer was ϳ200 nm. Cross-sectional transmission electron microscopy specimens were prepared by wedge mechanical polishing until electron transparency. The surface was subsequently cleaned using low tension Arion milling ͑300 V for 10 min and 150 V for 10 min͒ just before inserting the sample in the microscope. The data shown hereafter were acquired on a FEI-Titan 80-300 cubed electron microscope operated at 300 keV and equipped with an aberration corrector of the probe-forming lens, an electron beam monochromator, an aberration corrector of the imaging lens, and a Gatan model 866 imaging filter. The convergence semiangle was set to 24 mrad for imaging, achieving a subangstrom probe, and to 18 mrad for spectroscopic measurements. Figure 1͑a͒ shows a characteristic low magnification high-angle annular dark field ͑HAADF͒ image of the Si͑111͒/AlN interface. An amorphous interlayer, corresponding to the dark area between the substrate and the film, is observed along the interface with a thickness varying between 1.5 and 2 nm. A high resolution HAADF image of this interface, acquired with a 75 mrad ADF inner angle in the Si ͗110͘ zone axis is displayed in Fig. 1͑b͒ . Interestingly, despite the presence of this continuous layer, the epitaxial relations ͗1120͘ AlN ʈ ͗110͘ Si and ͗0001͘ AlN ʈ ͗111͘ Si are fairly well respected. A detailed investigation of the atomic structure of AlN, shown in Fig. 1͑c͒ , reveals the Al-face polarity of the film. The short Al-N interatomic distance in this projection ͑1.1 Å͒ and the presence of the neighboring strongly scattering Al make the N appear as an elongation of the Al alternatively pointing diagonally left and right. For comparison, an image of the same area acquired in annular bright field ͑ABF͒ with a 12-26 mrad detector, allowing a better visibility of the light N atomic columns, 10 is displayed in Fig.  1͑d͒ and confirms the Al-face polarity of the thin film.
In a second step, the chemical analysis of this interface was carried out using electron energy-loss spectroscopy ͑EELS͒ spectrum imaging. Figure 2 shows the twodimensional maps obtained from a 175ϫ 36 pixels spectrum-image acquired at 300 keV without drift correction, a dwell time of 30 ms/pixel, and a collection semiangle of 80 mrad. Figure 2͑a͒ shows the HAADF image acquired simultaneously with the EELS spectra. Figures 2͑b͒-2͑d͒ show, respectively, the Si, N, and Al maps obtained by multiple linear least squares fit of the spectrum-image with reference spectra acquired in the same conditions. This procedure was required for a proper extraction of the Al and Si signals from their overlapping L 23 edges. Finally, Fig. 2͑e͒ shows the elemental profiles obtained by integrating the signal perpendicularly to the interface and normalized to their maximum height. Note that no detectable O signal was recorded in this area. As these experiments were performed with a probe size of about 1 Å, the broad distribution of the chemical profiles presented here is intrinsic to the sample and does not arise from an experimental broadening. This chemical analysis confirms that the amorphous zone observed in the HAADF at the interface corresponds to a SiN x layer. The chemical profiles shown in Fig. 2͑e͒ bring, however, further information. First, the distribution of Si ͑3 nm wide͒ extends beyond the SiN x interlayer into the AlN film. This signal can be attributed either to overlapping AlN and SiN x signals over the thickness of the specimen or to a heavily doped AlN intermediate phase. Second, the profiles of N and Al, respectively, 2 and 2.5 nm wide, are similar but shifted with respect to each other by 1.8 nm. A non-negligible Al signal is therefore only observed above the SiN x interlayer, in the AlN film.
In order to confirm our analysis of the interlayer, energyloss near edge structures ͑ELNESs͒ of the Si-L 23 , Al-L 23 , and N-K edges, displayed in Fig. 3 , were recorded for the three phases with a high-energy resolution ͑ϳ0.3 eV͒ in monochromated mode. Whereas the signatures recorded in the Si substrate and the AlN thin film exhibit very fine structures characteristic of the bulk references, 11, 12 the ELNESs acquired in the interlayer are much broader, as expected for a substoichiometric amorphous material. The chemical shift observed on the Si-L 23 edge between the interlayer and the Si substrate ͑2.5Ϯ 0.5 eV͒, attributed in first approximation to a charge transfer from Si to N atoms, also appears as a direct Our chemical analysis of the interface shows that Al predeposition is unable to prevent the strong reaction occurring between N and the Si substrate, at least at high temperatures. Elemental profiles across the interface favor the hypothesis of the formation of the SiN x layer underneath the surface at the very beginning of the growth. An Al and Si rich surfactant layer could indeed form simultaneously, owing to their relatively low surface energies ͑ϳ1200 mJ/ m 2 ͒. This is supported by the large proportion of Si found above the amorphous layer and by the absence of detectable Al in the Si wafer and the SiN x region. After reaching a critical thickness, the SiN x layer acts as a barrier, considerably slowing down the diffusion of Si from the wafer toward the surface. The increasing concentration of Al at the surface would then trigger the growth of the AlN thin film. The same analysis has been carried out on a 20 nm thick AlN epilayer sample grown under the same conditions for a shorter time ͑ϳ4 min͒. The observation of an amorphous interlayer with the same characteristics further supports the hypothesis of a rapid formation of SiN x as a first step of the growth process. Within this framework, the crystallographic relationship between the AlN layer and the Si substrate, as well as the Al-face polarity of the film, also reported previously in the presence of a sharp Si͑111͒/AlN interface, 2 remains unexplained. Different hypotheses have been formulated to clarify this point, particularly in the case of growths preceded by a nitridation step. 13 A plausible explanation resides in the presence of contact points between the Si substrate and the AlN film due to discontinuities in the SiN x interlayer. 
